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Growing concerns over the availability and cost of extracting fossil fuel resources have increased interest 
in renewable resources. Therefore, interest in producing numerous needed chemicals from renewable 
biomass resources has increased. The focus of this comprehensive review is on managing greenhouse gas 
emissions (GHG) in biorefinery production chains. To highlight the results of the content analysis an 
attempt is made to summarize the findings in a climate impact management matrix. In particular, three 
topics from the matrix are put forward: (1) uncertainties in assessing GHG emissions of feedstock 
cultivation, harvesting and logistics: (2) found GHG emissions in biorefinery chains: and (3) a short 
comparative analysis of two potential technologies to improve the GHG and carbon balance of bio¬ 
refinery operations. In addition, benefits of lignocellulosic biomass, residuals, organic waste and algae are 
highlighted, sustainability issues of the field are discussed and research gaps are identified. Uncertainties 
in assessing the sustainability of biofuels supply chains support a more diversified renewable resource 
base and production of multiple chemicals in biorefinery chains. 

© 2014 Elsevier Ltd. All rights reserved. 


1. Introduction 

Growing concerns over the availability and cost of extracting 
fossil fuel resources have increased interest in renewable re¬ 
sources. On the other hand, reducing anthropogenic greenhouse 
gas (GHG) emissions is increasingly proposed as one of the key 
components in achieving global sustainable development goals. 
Therefore, interest in producing numerous needed chemicals 
from renewable biomass resources has increased. Renewable 
biomass resources can be converted to chemicals, and have the 
potential to replace fossil crude oil as a carbon resource. Pro¬ 
duction chains starting from renewable biomass resources are 
considered as ’short-cycle carbon systems’ to be more sustainable 
than Tong-cycle carbon systems’ using a fossil fuel resource base. 
Currently, most chemicals produced from biomass are identified 
as first and second generation biofuels: bioethanol (largest vol¬ 
umes, 80 billion liters in 2012), biodiesel and biogas (www. 
ethanolproducer.com). Since biomass is the only renewable car¬ 
bon resource that could replace fossil ones, the availability and 
sustainability of these resources is of crucial importance. Biofuels 
are politically promoted (RED, 2009), and different types of sus¬ 
tainability concerns have arisen including the actual climate 
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impact of biofuels and how extensively they can be utilized 
without causing significant and irreversible harmful environ¬ 
mental and social impacts. Production of various chemicals from 
biomass instead of fossil resources requires a paradigm change. 
The basic question in replacing existing petroleum refinery based 
production patterns of chemicals with biorefinery processes is the 
overall sustainability. This change can be studied with impact 
assessment covering all three pillars of sustainability: economic, 
social and environmental. Several sets of sustainability indicators 
and methodologies for estimating the impacts have been pro¬ 
posed (Sacramento-Rivero, 2012). The theoretical sustainability 
impact assessment framework for a biorefinery chain can be 
defined on a global, on a regional or on a production site level. On 
the product or process level, Life Cycle Assessment (LCA) is a 
methodological tool widely used for estimating and assessing 
impacts of production systems through their whole life cycle (ISO 
2006:14040, ISO 2006:14044). The life cycle of a single site bio¬ 
refinery consists of feedstock cultivation, harvesting, trans¬ 
portation, intermediate storage, pretreatment, biorefinery 
operations, product storage, packaging, distribution to customers, 
use of products, possible recycling and final disposal. The attri- 
butional LCA (ALCA), on a cradle to gate basis, reflects the bio¬ 
refinery production system as it is. Impact allocation cannot be 
avoided in a biorefinery complex with several product streams. 
Energy or economic allocation is widely used in published LCAs 
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and several options for handling uncertainties are proposed 
(Finnveden et al„ 2009). Striving for sustainable use of resources 
requires reducing environmental impacts. Especially the net 
leakage of greenhouse gas emissions needs a serious assessment 
even when renewable biomass resources are replacing more 
pollutant fossil fuel derived products. The focus of this paper is on 
managing GHG emissions in biorefinery chains producing chem¬ 
icals from biomass. The climate impacts discussed and analyzed 
here are expressed as greenhouse gas emissions (GHG) attribut¬ 
able to specific chemicals found in the literature. Other related 
environmental impacts like eutrophication are mostly excluded 
here. The overall sustainability assessment of biorefinery chains 
requires, in addition to product level analysis, global and regional 
analysis that is basically out of the scope of this paper. This review 
follows, focusing on GHG emissions, the production chain and 
climate impact matrix described in Section 2. Section 3 covers 
feedstock issues of cultivation, harvesting, collection, transport 
and storage, and highlights the uncertainties related to the 
assessment of GHG emissions attributed to the feedstock supply 
chain. Section 4 summarizes biorefinery concepts and highlights 
the GHG emissions of chemicals produced in biorefinery chains. In 
Section 5 two technologies to improve the GHG balance of bio¬ 
refinery operations (pyrolysis and hydrothermal liquefaction) are 
shortly described and compared. Section 6 includes a short dis¬ 
cussion including identified gaps in research. Conclusions are 
presented in Section 7. Abbreviations CO2 and N2O are used for 
carbon dioxide and nitrous oxide. 

2. Research methodology 

The aim of this review is to summarize the existing research 
by identifying patterns, themes and issues, and to determine the 
conceptual content of the field. The search was conducted using 
databases available from major publishers. The scope covers a 
total of 340 papers with emphasis on the 238 published in 2011 — 
2013. A short patent search was made for the potential future 
large scale technologies that were identified in the course of the 
research. 


2.1. Descriptive analysis and category selection 

The production chain (Fig. 1 ) was used for the category selection. 
A robust classification of publications according to their place in the 
production chain, supplemented with specific issues of sustain- 
ability/LCA, resulted in the topical distribution of publications 
shown in Fig. 2 and Fig. 3. 

2.2. Material evaluation 

The papers studied were analyzed for the identification of 
relevant issues and interpretations of results. Here an attempt is 
made to summarize the findings including the system boundary 
setting in a climate impact management matrix (Fig. 1) elaborated 
further in the next sections of this paper. 

In particular, three topics from the matrix are put forward: (1) 
uncertainties in assessing GHG emissions of feedstock cultivation, 
harvesting and logistics; (2) the found GHG emissions of chemicals 
produced in biorefinery chains; and (3) a comparative analysis of 
two potential technologies to improve the GHG and carbon balance 
of biorefinery operations. 

3. Feedstock cultivation, harvesting, collection, transport and 
storage 

Renewable feedstock is seldom without GHG emissions when 
direct and indirect emissions in the supply chain are taken into 
account. It is notable that lignocellulosic (other than agricultural 
crops), multiple feedstock (includes at least one lignocellulosic 
resource) and algae dominate recent research, although feedstock 
sustainability or LCA studies concentrate on cultivated crops 
(Fig. 3). When focusing on GHG emissions, an LCA analysis of 
feedstock supply chain reveals the possibilities to reduce GHG 
emissions. Biomass feedstock is not uniform in GHG emissions as 
e.g. a single crude oil field. Therefore, uncertainties in assessing 
feedstock GHG emissions have raised concerns on the climate 
impact of bio-based chemicals. Another important issue is how 
extensively can biomass be utilized without causing significant and 
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tion in land use resources and to the related GHG dynamics. 


3.1. Availability of feedstock 

A multitude of feedstock has been tested for biorefinery appli¬ 
cations covering cultivated crops, agricultural waste, forest re¬ 
sources, urban and industrial waste and algae. Studies specifically 
related to feedstock issues include: bluegreen algae, chlorella vul¬ 
garis, citrus waste, dairy manure, food waste, energy crops, EU 
biomass crops, glycerol (a by-product of vegetable oil esterifica¬ 
tion), jatropha, lignin, macroalgae, microalgae, miscanthus, 
municipal waste, organic wastes, rice, seaweed, sugarcane, 
switchgrass and wheat. Availability of resources seems not to be a 
short term problem: a conservative estimate on the annual yield of 
lignocellulosic matter resulting from photosynthesis amounts to 1.3 
xl09 tons and that of natural oil and fats to 132x106 tons (BREW, 
2006). These values might be compared with the world sugar 
production of 150 xl06 tons in the 2008/09 season (Licht, 2009). 
Rich forest resources account for 89.3% of the total standing 
biomass (Liu et al„ 2012) and are an important feedstock reserve for 
chemicals. Algae are the primary producers in aquatic ecosystems. 
An algae plant producing 100,000 bbl lipids per year has a land area 
requirement of 5—14 km 2 that compares favorably with the 35 km 2 
required for similar palm oil production. Microalgae can be pro¬ 
duced in industrial fermentation units and do not require similar 
land reserves (Borowitzka and Moheimani, 2013). Recent studies 
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indicate that the demand for biomass to produce required biofuels 
and platform chemicals of the petrochemical industry in Europe 
(EU27) can be covered without significant changes to the current 
agricultural land use (Bos and Sanders, 2013). However, there is a 
clear shift from agricultural produce to lignocellulosic feedstock for 
the production of chemicals (Fig. 2). 

3.2. Uncertainties in assessing GHG emissions of feedstock 
cultivation, harvesting and logistics 

Biomass is a carbon neutral source only when emissions from 
biomass use are re-absorbed into the re-growth of new biomass. 
Land use change (LUC) effects and soil N 2 0 emissions impact the 
total GHG emission from a biomass feedstock supply chain. Un¬ 
certainties of these emissions are recognized, and their influence 
on final outcomes needs sensitivity analysis. The highest uncer¬ 
tainty relates to the N 2 0 emissions of cultivation from nitrogen 
fertilization and to carbon stock changes. Systematic analysis of 
GHG balances show that agricultural crops (barley, turnip rape) 
with high probability exceed the GHG emissions of fossil fuels 
(Koponen et al„ 2013). The global warming potential (GWP) of 27 
different crops shows considerable variation: the weighted 
worldwide means of GWP values of the studied crops varied in a 
wide range. The inclusion of LUC would substantially alter the GWP 
values (Nemecek et al„ 2012). Also, the transport of feedstock has 
an impact on the GHG emissions. Biomass transport studies could 
be used as comparative references. The wood pellets transported 
from Canada to Europe have a total GWP of 295 kg C0 2 eq/ton, and 
35% of it is attributed to marine transportation (Pa et al„ 2012). 
Similarly, transportation accounted for 27% of the life cycle GWP of 
South American pulp shipped to Europe (Judl et al„ 2011). The 
impact of transport could be reduced by small scale production 
without loss of GHG benefits or by reducing the transport volume 
by decentralized pyrolysis plants that convert e.g. wood chips into 
liquid form (Haro et al„ 2013). Overall, the benefits of decentralized 
production depend on the size of the territory wherefrom the raw 
material is collected (Iglesias et al„ 2012). Conclusively, in addition 
to the feedstock, the transport type and distance will define the 
impact of logistics on the overall GHG emission in a biorefinery 
production chain. An overview of GHG emissions related to woody 
biomass is presented by Liu et al. (2012). 

3.3. Composition of feedstock 

There is a considerable diversity of feedstock by composition. 
Chemical feedstock categories are carbohydrates, lipids, proteins 
and lignocellulosic (LC) materials. Some, such as corn, are highly 
developed, while others, such as LC and algae, are in an earlier stage 
of development. Carbohydrates of corn, sugarcane, grains and po¬ 
tatoes, and lipids of edible oils as valuable food and feed resources 
are not the best sustainable options for biorefineries. The compo¬ 
sition of LC feedstock is documented among others by Menon and 
Rao (2012). After cellulose, lignin is abundantly available, and being 
an aromatic biopolymer makes a valuable renewable source for 
aromatics. The amount of recoverable lignin in different resources 
varies widely, ranging from 3% in corn cobs to 27% in oak (Kaylen 
et al., 2000). In addition, lignin and lignin containing residues are 
large side-streams (currently burned for heat and electricity) from 
the pulp and paper industry and biorefineries producing bioethanol 
from LC materials. 

3.4. Reduction of GHG emissions of feedstock supply chain 


Considerably high GHG emissions of many cultivated crops and 
uncertainties in their determination support the switch to residues, 
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waste, LC feedstock and algae. The importance of spatial and tem¬ 
poral optimization of feedstock cultivation, harvesting and collec¬ 
tion, as well as that of logistics, is demonstrated for cellulosic 
supply chains (You et al„ 2012). The fast recycle and high produc¬ 
tion rates of algae compared to crops, grasses and forest resources 
(Liu et al„ 2012) increase the climate benefit of this resource. Good 
management practices, minimization of auxiliary energy use, 
optimal machinery use and use of less emitting transport equip¬ 
ment are eligible options also for the management of GHG emis¬ 
sions in feedstock supply chains of biorefineries. The overall 
assessment of sustainability is complicated by the fact that the 
carbon footprint of cultivation differs significantly among locations 
(Gan et al„ 2012). The cultivation emissions of N 2 0 can be 
responsible for more than 50% of the contribution to GHG emis¬ 
sions (Ekman and Borjesson, 2011). Harmonized calculation prin¬ 
ciples with emission saving probabilities are proposed to make the 
results more credible (Koponen et al„ 2013). 

3.5. Issues outside the boundary system 

Several issues outside the framework of direct climate impact 
assessment of a feedstock supply chain impact the overall sus¬ 
tainability of a biorefinery production chain. These include indirect 
land use changes (ILUC) that are outside normal ALCA, resource 
depletion and competition with food and feed production. The 
world total surface area is 13,400 million hectares (Mha) with forest 
covering about 4000 Mha and arable agricultural land 1500 Mha. 
The total agricultural potential is estimated at 5000 Mha (FAO, 
2010). This and maximum photosynthesis output define the sus¬ 
tainability framework for future generations to utilize biomass and 
to benefit from agriculture for food and feed production. Therefore, 
biorefineries need to select their feedstock for chemicals produc¬ 
tion avoiding direct competition with food and next generation 
biofuel production. Conclusively, forest and agricultural residues, 
industrial and urban side and waste streams, and algae are 
considered more suitable options. 

3.6. Comparison with the fossil reference system 

Compared to petroleum resources, biomass needs to be har¬ 
vested, and collection is sometimes possible only in a specific 
season. In addition, the lower volume density and heat content of 
biomass resources increase the transport volumes. Therefore, the 
overall GHG emissions of biomass supply chains need to be 
included when comparing the emissions of biorefinery production 
chains with the corresponding emissions of producing e.g. petro¬ 
chemicals. Evaluating 16 bioenergy crops, Brehmer et al. (2009) 
concluded that the highest potential of biomass to replace fossil 
resources is in the petrochemical industry. In contrast to petroleum 
resources, all biomass components contain high percentages of 
oxygen (Nzihou et al., 2012). The molecular difference between 
fossil products and biomass derived ones is shown in Table 3. 

4. Biorefinery operations and GHG emissions from 
biorefinery production chains 

A biorefinery is a facility that integrates biomass conversion 
processes and equipment to produce fuels, power and chemicals 
from biomass (NREL, 2010). Biorefineries can use a variety of 
biomass materials and through a series of conversion and separa¬ 
tion steps yield bulk and specialty chemicals and materials. GHG 
emission is one of the indicators that describe the potential sus¬ 
tainability impact of a production chain. Here GHG emissions are 
defined as the overall “cradle-to-gate” carbon dioxide equivalent 
emission (C0 2 eq) per unit of chemical produced. 


4.1. Biorefinery concepts and operations 

Biorefinery facilities can be classified by several categories 
either by feedstock materials, resulting products, technologies 
utilized or a combination of all three categories. In fact, how these 
categories are combined forms the complexity of integrated bio¬ 
refineries. Biomass feedstock categories by key chemical composi¬ 
tion are carbohydrates, lipids, proteins and lignocellulosic 
materials. Resulting product categories are biofuels, chemicals and 
their intermediates, biogas, electricity and heat. A variety of tech¬ 
nologies and unit operations, including fermentation, gasification, 
pyrolysis, hydrothermal liquefaction, hydrogenation, hydro¬ 
thermolysis, oxidation and hydrodeoxygenation, are available or 
under development for biorefineries. Research on different bio¬ 
refinery technologies is increasing. The number of identified pub¬ 
lications doubled from 2011 to 2012. Key technologies found and 
their distribution by feedstock is shown in Fig. 2. General bio¬ 
refinery publications (Fig. 2) relate to overall optimization and 
techno-economic assessment of different biorefinery concepts. 
Lignocellulosic and multiple feedstock dominate in publications, 
reflecting the need to find suitable feedstock to replace agricultural 
and energy crops in future biorefineries. Mature technologies for 
treating sugarcane/corn and vegetable oils cover only 6% of recent 
publications on biorefinery technologies. 

All concepts identify a varying palette of products covering a 
whole range of potential production volumes and market values. 
Depending on the geographic location and on feedstock available, 
the products, selected technologies and sequence of unit operations 
differ to obtain the highest profit for the biorefinery. Different sets 
of key chemicals have been proposed. Table 1 shows typical bulk 
chemicals and the basic compounds of the current fossil petro¬ 
chemical industry. Biofuel fractions of gasoline and diesel are not 
included in the list. The evolution of biorefinery technologies nar¬ 
rows the cap between petrochemicals and chemicals produced 
from biomass. The production of aromatics from lignocellulosic 


Table 1 

Typical chemicals from biomass produced with different technologies. 


Carbon Fermentatior 


Woody 

refinery 


Cl Methane (biogas) Methane 

Ethanol Methanol 

C2 Acetic acid Ethanol 

Lactic acid Ethene 

C3 Glycerol Propene 

1.3- propanediol Glycerol 

Fumaricacid Propane-1.2 

C4 Succinic acid Butene 

1-butanol 1.3-Butadier 

1.4- butanediol iso-Butanol 

Aspartic acid 

Furfural 

C5 1.2.4-butanetriol Ethylene 

Levulinic acid glycol 


Succinic acid Butei 


Benzene 

Benzene Benzene 


hydroxymethylfurfural 

Vitamins o,p,m-Xylene 

Biopolymers Hydrogen 

Industrial enzymes Proteins 
Antibiotics Amino acids 


o,p,m-Xylene o,p,m-Xylene 
Hydrogen Hydrogen 
Xylitol 


Sources: BREW, 2006; Bos and Sanders, 2013; Liu et al., 2012, Posada et al., 2013; 
Wang et al., 2013; Yao and Tang, 2013. 
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Table 2 

GHG emissions of biorefinery production chains. 


Feedstock 

Product 

Yield 


C0 2 eq. emissions 75 
kg C0 2 /kg product 

Carbon loss% 

Reference 

Soybean 

VOME 1 ) 

17.7% 


4.0 

n.a. 

Panichelli et al„ 2009 

Oil palm 

Ref. palm oil 

n.a. 


2.16-2.60 

n.a. 

Schmidt 2010 

Rapeseed 


n.a. 


2.22-17.1 

n.a. 

Schmidt 2010 

Rapeseed 

FAME 



1.90-3.42 


Pehnelt and Vietze, 2012 

Oil palm 

FAME/HVO 

n.a. 


1.59-6.67 


Soimakallio and K 2011 

Animal fat 

HVO 



0.47-0.75 



Wheat 

Ethanol 

29.4% 


0.965 


Misailidis et al„ 2009 

Grain 

Ethanol 

n.a. 


0-20.70 

n.a. 

Soimakallio and K 2011 

Sugarcane 

Ethanol 

n.a. 


0-8.66 

n.a. 

Soimakallio and K 2011 


Ethanol 

n.a. 


0-1.76 

n.a 

Soimakallio and K 2011 


Ethanol 

0.37 1/kg feed 


n.a. 

71% 

Humbird et al„ 2011 

Switchgrass 

Ethanol 

30% 


0.473 

n.a. 

Cherubini and J 2010 


Ethanol 



0.28-4.03 

n.a. 

Soimakallio and K 2011 

Algae 

Biodiesel 

<30% 


5.654 

n.a. 

Sander and Murthy, 2010 

LC Biomass 

Synfuel 

50% 


1.15 

>30% 

Nzihou et al„ 2012 

Wood 

Liquid fuel 

n.a. 


0-3.10 

n.a 

Soimakallio and K 2011 

Switchgrass 


0.5% 


0.59 

n.a. 

Cherubini and J 2010 

Glucose 3 ' 

Methanol 

n.a. 


1.124 

59% 

Bludowslcy and A 2009 

Wheat 

Arabinoxylan 61 

0.64%. 


0.175 

n.a. 

Misailidis et al„ 2009 

Bioethanol 

pvc 8 ) 

n.a. 


0 

n.a. 

Alvarenga et al„ 2013 



n.a. 


0.441-0.554 


Judl et al„ 2011 

Wood 

Imported pellets 41 

0.295 




Pa et al„ 2012 

Fossil fuel reference values, recalculated from kg C0 2 eq/1000 MJ fuel to 

kg C0 2 eq/kg fuel using LHV 51 



Fossil 

Gasoline 

3.91-5.17 




GREET 2008 

Fossil 

Diesel 

3.57-3.59 




RED 2009 

Fossil 

Hydrogen 

12.98 




GREET 2008 

Fossil 

Natural gas 

3.30 




GREET 2008 

Notes. 1) VOME 

= vegetable oil methyl ester, prc 

Dduced in Argentina and 

consum 

ed as B100 biodiesel in 

Switzerland, 2) By-produc 

:t of ethanol production, GWP calculated 

through energy allocation by the author of this r 

eview, 3) Models sugars of LC bic 

imass, 4) Pellets from Canada to Netherlands by n 

tarine transport, 5) LHV = lower heating 


value from Biomass Energy Data Book-2011-http://cta.ornl.gov/bedb, 6) C0 2 eq emission calculated using economic allocation by the author of this review, 7) kg C0 2 eq/kg 
emission value refers to the product derived from the feedstock shown in the corresponding line. All reported negative emission values are expressed as 0,8) PVC = polyvinyl 
chloride, assumed to be a carbon sink (fossil PVC’s GHG emission is 1.52 kg C0 2 eq/kg). 


biomass is still without commercial breakthrough although 
research on lignin utilization is progressing. At present the world 
chemical industry produces about 300 Mt/a petrochemicals 
(Sanders et al„ 2012), and at least an equal amount of similar 
chemicals would have to be produced from biomass. 

The amount and type of biomass required to produce a 
replacement for petrochemicals depend on the selected technolo¬ 
gies and on the mass efficiency of the selected chemical route, e.g. 
ethene produced from sugars via ethanol can have a maximum 
theoretical carbon efficiency of 30% even if ethanol to ethane 
conversion would be with 100% efficiency. A multi-criteria sus¬ 
tainability screening assessed potential chemicals produced from 
bioethanol and found that 1.3-butadiene and diethylether are the 
most promising derivatives followed by ethylene, propylene, acet¬ 
aldehyde, ethylene-oxide and ethyl acetate. Iso-butylene, 
hydrogen, n-butanol, acetic acid and especially acetone were not 
considered attractive options for bioethanol conversion (Posada 
et al„ 2013). 

What is the most attractive industrial domain for future bio¬ 
refineries? Based on historical data, Bennett and Pearson (2009) 
concluded that the established links between fuel and bulk 
chemical production and the direct competition between different 
uses for biomass resources could have significant influences on 
whether biorefineries emerge primarily from the chemical, fuels or 
forestry industry. The situation has developed fast and several 
commercial next generation biorefineries are already in operation. 

Commercial biorefineries in Finland have emerged in the do¬ 
mains of the energy, fuel and forestry industry: The Stl energy 
company utilizes food industry waste as feedstock and operates 5 
bioethanol/biogas plants with a total annual E85 gasoline capacity 
of 5000 tons. The company is also designing a lignocellulosic, 


sawdust based bioethanol plant with an annual capacity of 10 
million liters. The power company Fortum is commissioning a 
fluidized bed fast pyrolysis oil production based on woody biomass 
with an annual capacity of 50,000 tons. Neste Oil’s global produc¬ 
tion of biodiesel from lipids is 2 million tons per year, and their 
NExBTL technology is suitable for chemicals production. Pulp and 
paper producer UPM is commissioning a 100,000 t/a biodiesel plant 
utilizing crude tall oil as a feedstock. In addition, the company is 
planning a woody biorefinery based on gasification + FT technol¬ 
ogy in Strasbourg, France. Lulea University of Technology in Sweden 
owns and operates the former Chemrec pilot plant of black liquor 
gasification producing methanol and dimethylether (DME). The 
technology has not been commercialized in a full scale plant. The 
120-year-old Borregaard biorefinery in Norway is currently pro¬ 
ducing cellulose, ethanol, lignin derivatives and vanillin. Similar 
diversification between fuel, chemical and forestry companies is 
happening in the USA, where over ten cellulosic biorefinery pro¬ 
jects employing six different pathways are expected to begin op¬ 
erations by 2014. 

4.2. GHG emissions of chemicals produced in biorefinery chains 

The overall GHG emissions from biorefinery production chains 
can be assessed by applying a “cradle-to-gate” LCA. These emis¬ 
sions can be divided into originating from feedstock, transportation 
to site and from actual refinery emissions (Fig. 1 ). Depending on the 
boundary conditions and system limitations the results vary widely 
and are expressed in a multitude of different units. A thermo¬ 
chemical conversion process for woody biomass was benchmarked 
for an ethanol process (Dutta et al„ 2011). Fig. 3 indicates that 
research on sustainability and LCA concentrates on cultivated crops, 
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Table 3 

Empirical H/C and 0/C molar ratios of various biomass and products. 
Feedstock/product Molar H/C Molar O/C Reference 


Biomass, average 

Sewage sludge 
Wheat straw 
Almond shells 

Demolition wood 
Biodiesel B100 
Biodiesel B20 
Bioethanol 

Sesam stalk oil 
Microalgae oil 
Hybrid poplar oil 
Wood bio-oil, average 
Turkish red pine oil 
Fossil gasoline 

Fossil heavy fuel oil 


1.50 0.67 

1.40 0.60 

1.65 0.53 

1.47 0.70 

1.46 0.62 

1.43 0.64 

1.27 0.55 

1.87 0.11 

1.94 0.02 

3.00 0.51 

1.42 0.52 

1.55 0.36 

1.69 0.23 

132 0.47 

134 0.50 

1.38 0.37 

1.95 0.00 

1.95 0.00 

1.55 0.01 


Nzihou et al„ 2012 
Mohan et al„ 2006 
Nzihou et al„ 2012 
Nzihou et al„ 2012 
Nzihou etal., 2012 
Nzihou et al„ 2012 
Nzihou etal., 2012 
Anitescu, Bruno, 2012 
Anitescu, Bruno, 2012 
Anitescu, Bruno, 2012 
Mohan et al„ 2006 
Mohan et al„ 2006 
Mohan et al„ 2006 
Mohan et al„ 2006 
Mohan et al„ 2006 
Mohan et al„ 2006 
Anitescu, Bruno, 2012 
Anitescu, Bruno, 2012 
Mohan et al„ 2006 


reflecting concerns that increasing production of bioethanol and 
biodiesel competes on agricultural land with food and feed 
production. 

4.2.1. Units used in GHG balances 

The papers reviewed reported GHG balances in several func¬ 
tional units (FU). Although all results were reported as GHG emis¬ 
sions, the variable overall metrics and system boundaries were not 
comparable, making general conclusions difficult. The proposed 
GHG management matrix would benefit from harmonized metrics 
and make different feedstock and technological approaches more 
comparable. Selecting the FU of the assessment as 1 ton of feed¬ 
stock for the feedstock part of the matrix, and as 1 ton of product for 
the biorefinery (BF) part of the matrix in accordance with the 
normal practice in the chemical industry, would allow the calcu¬ 
lation of summary emissions of a BF production chain in a uniform 
metrics as described by Eq. (1): 

^Total = ^Feedstock + ^Logistics + EbF (1) 

and the amount of GHG emissions in respective components is 
quantified by Eqs. (2) and (3). 

Ej = C F x ^U e u ( i = 1,2,3, ...n) (2) 

where C F is the mass fraction of feedstock required; and ejj is the 
cultivation or logistics emissions of a feedstock (i = emission source 
i.e. N2O, land use change, GHG emission from cultivation equip¬ 
ment, emissions from harvesting, collection, transport...) and 

£ bf = E"=i e bf,i x c B,i (t = 1.2,3, ...n) (3) 

where Cbj is the fraction of emission (i) allocated for the production 
of a single product; and ebf.i is the biorefinery emission (i) per ton of 
total production (i = emissions from energy carriers, auxiliary ma¬ 
terials, power consumption, process emissions...). When fractional 
allocation by mass is not possible in a multiproduct chain, energy or 
economic allocation would be necessary. 

4.2.2. Variations in methods ofLCA 

In terms of methods, part of the papers reviewed simplify the 
assessment, e.g. for convenience only CO2 emissions are counted as 
GHG emissions, and the fossil energy reference system is simplified. 


Also, the life cycle stages included in the assessments varied, as did 
the system boundaries. The LUC, ILUC and N2O emissions from 
fertilizer use were often left outside the system boundary defini¬ 
tion. By defining the final product as a carbon sink, high overall 
emissions are compensated to zero or a negative value (Alvarenga 
et al., 2013). The use of average or medium values without 
including the full variation range of a parameter does not always 
give the full picture of the climate impact. Uncertainty and sensi¬ 
bility analyses are important for evaluating the GHG emissions of 
feedstock supply chains, as discussed in Section 3.2. 

4.2.3. GHG emissions of chemicals produced from biomass 

The GHG emissions of biomass based production chains as 
“climate neutral” were seldom contested prior to 2005 (Mohan 
et al., 2006). The GHG balances of different biofuels originating 
from various raw materials and different regions based on 25 
studies show the opposite with considerable variations in results 
(Soimakallio and Koponen, 2011). In particular, rapeseed biodiesel 
and soybean-based methyl ester (VOME) showed high GHG emis¬ 
sions (Table 2). Also LCAs of bioethanol systems showed wide 
variations (von Blottnitz and Curran, 2007). The GHG emissions 
strongly depend on the life cycle stages included. The uncertainties 
and relatively high GHG emissions of first generation biofuel pro¬ 
duction chains support the switch to producing more chemicals 
from biomass, replacing petrochemicals. 

The chemical industry usually reports their GHG emissions as kg 
CC>2eq/kg of product. The climate impact of chemicals expressed as 
CCheq emissions is shown in Table 2. The values that were origi¬ 
nally reported in g CO2/MJ fuel were recalculated to kg CC>2/kg 
product for clarity, using higher heating values (HHV) of corre¬ 
sponding bioproducts (GREET 2010 http://greet.es.anl.gov). The 
HHV values give approximately 6.5% lower C0 2 eq emissions per kg 
of product than those calculated with lower heating values (LHV). 
The overall magnitude of emission levels (Table 2) indicates the 
current understanding of the climate impact of biorefinery pro¬ 
duction chains. Compared to the fossil reference values, bioethanol 
and VOME in particular show considerable variation. The results 
point out not only the wide variation of feedstock cultivation 
emissions, but also differences between numerous LCA methods 
generating conflicting results. 

The LCAs of a single chemical outside biofuels are practically 
missing: in addition to biomethane, bioethanol, PVC and poly- 
itaconic acid, only the climate impact of methanol produced from 
bio-syngas could be identified from the papers selected for this 
review. Bludowsky and Agar (2009) compared different bio-syngas 
to methanol routes. The carbon Toss’ is mainly a consequence of the 
fact that water must be added in the reforming step to attain the 
syngas ratio of C:H:0 = 1:4:1 needed for methanol. The oxygen 
thus introduced must be eliminated as CO2. A major disadvantage 
of the synfuel gasification process is that even if external heat is 
available, 30% of the feed carbon is lost, representing 1.15 kg CO2 
per kg product. Methanol is itself a feedstock for a whole series of 
further chemicals. The largest amounts are used in the manufacture 
of formaldehyde (35%), MTBE (9%) and acetic acid (9%). Misailidis 
et al. (2009) investigated the economic feasibility of co-producing 
an arabinoxylan (AX) product with ethanol from wheat, reporting 
the GHG emission for pure ethanol. By using economic allocation, 
the author of the current review estimates that the share of CO2 
emissions of coproduced AX would amount to 0.175 tons CO2 per 
one ton of AX (considered as a potential, natural replacement for 
other viscosity-enhancing ingredients used in the food industry). 
Similarly, using energy allocation, the GHG emission of coproduced 
phenols would be 0.59 tCC>2eq/t phenols, and the value would 
double if the soil C sequestration benefit was omitted (Cherubini 
and Jungmeier, 2010). A carbon balance for ethanol production 








R. Kajaste / Journal of Cleaner i 


75 (2014) 1-10 


indicates that over 96% of all carbon in the process enters in the 
biomass feed, and that 29% of carbon atoms leave as ethanol. Major 
exit points for the balance of carbon (accounting for 66%) are the 
combustor stack and scrubber vent. The ethanol yield was 76% of 
the theoretical one (Humbird et al., 2011 ). This indicates the current 
low carbon efficiency of bioethanol production chains. 

4.3. Reduction of GHG emissions in biorefinery production chains 

The low carbon efficiency of current biorefinery operations is 
directly linked to the relatively high GHG emissions reported. 
Technology development of multiple operations, process intensi¬ 
fication, energy optimization, feedstock and product optimization, 
optimization of value chain and elimination/reduction of un¬ 
certainties in the value chain are all issues identified for the 
reduction of GHG emissions (Sanders et al., 2012). The optimal 
solution depends highly on the plant location, overall plant 
configuration and technology available (Moriizumi et al„ 2012). Not 
properly selected technology can destroy the assumed benefits of 
algae. New, more economic extraction processes for microalgae 
show better net GHG emissions (Ferreira et al., 2013). Innovative 
approaches that combine technologies outside the actual process 
operation can give considerable benefits. By using concentrated 
solar systems the area of land required for growing biomass can be 
reduced to one half of that needed for a standard gasification sys¬ 
tem. If also hydrogen is generated by solar means, the figure be¬ 
comes one third (Nzihou et al., 2012). 

4.4. Issues outside the system boundary 

Changes in related energy, feedstock and product markets have 
an impact to the sustainability of biorefinery production chains. 
Shifting markets and increased global competition are drivers that 
grow the interest of the forest sector to invest into new biorefinery 
technologies (Hamalainen et al., 2011). The use of biomass for 
electricity and fuels is not necessarily enabling optimal GHG savings. 
Often the production of chemicals and materials offers higher sav¬ 
ings than bioenergy per kg feedstock as well as per hectare of 
cultivated land (Hermann et al., 2011). Policies to incentivize effi¬ 
cient GHG reductions that secure sustainable use of biomass without 
compromising food and feed production are needed. The energy use 
and biofuel production from agricultural residues are often 
competing options (Delivand et al., 2012). Conclusively, it is some¬ 
times difficult even at a country level to assess the sustainability of 
different options for the utilization of one and the same biomass. 

4.5. Comparison with a fossil reference system 

Comparative LCAs are a tool for assessing the sustainability of 
the change from fossil resources to renewable biomass. A bio¬ 
refinery concept based on switchgrass was compared with a fossil 
reference system producing the same products/services. The results 
showed that GHG emissions are decreased by 79%, and about 80% of 
non-renewable energy is saved, even if only about 33.6% of the 
original energy content of the feedstock is found in the final 
products (Cherubini and Jungmeier, 2010). The allocation of GHG 
emissions between different products is not fully solved. Even in 
complex fossil fuel refinery systems, the allocation of energy con¬ 
tent and GHG emissions between products is not without prob¬ 
lems. Also a general lack of methods to compare petroleum and 
wood-based products is recognized (Clancy et al., 2013). 

Two other issues that require a solution are molecular differ¬ 
ences between fossil and biobased feedstock and products, and the 
lower carbon efficiency of current biorefineries. In contrast to fossil 
fuels, all biomass components contain high percentages of oxygen, 


with e.g. cellulose containing about 50—52 wt% oxygen and corre¬ 
spondingly lignin 28—33 wt% oxygen (Nzihou et al., 2012). Molar H/ 
C and O/C ratios, calculated on the basis of empirical data of 
elemental analysis (Table 3 ) are important. The further the ratios are 
from fossil reference values the more reactions (e.g. hydrotreat¬ 
ment, hydrodeoxygenation) are required to find pathways to pro¬ 
duce the same type of products as current petroleum refineries do 
today. Higher oxygen to carbon ratios offers also new possibilities to 
produce oxygen containing molecules like butanol, methylte- 
trahydrofuran (MTHF) and ethers (Melin and Hurme, 2010). 
Oxygen-rich monomers like carboxylic acids (lactic acid, succinic 
acid, itaconic acid and levulinic acid) are gaining interest as bio¬ 
polymers (Yao and Tang, 2013). Also several other chemical routes 
to utilize succinic acid are recognized (Wang et al„ 2013). The 
effective conversion of various biomass resources, with the over 
90.6% carbon and energy efficiency as reached in modern petroleum 
refineries, is an unsolved challenge. As stated earlier, the carbon 
efficiency of fermentation bioethanol is about 30% and that of 
biomass gasification technology less than 40%. The conversion ef¬ 
ficiencies of pyrolysis and hydrothermal liquefaction (HTL) are ex¬ 
pected to reach 75 wt% and 67 wt% (Suali and Sarbatly, 2012). To 
narrow the gap between the production of petrochemicals and their 
biobased counterparts, research on valorization of products and on 
finding optimal biorefinery concepts is expanding rapidly (Fischler, 
2012). The aromatic chemicals isolated from lignin could be used by 
the conventional petrochemical processes, which convert bulk ar¬ 
omatics into nylons, resins, polymers and other compounds. The 
aromatic building blocks of lignin; benzene, toluene and xylene 
(BTX) dominate the research (Cherubini and Stromman, 2011). 

5. Two potential technologies to improve the GHG and carbon 
balance 

The low carbon efficiency of current fermentation technologies 
and considerable stack emissions of C0 2 from generally energy 
efficient gasification technologies could be overcome with bio¬ 
refinery configurations that involve new technologies. Pyrolysis 
and HTL have the potential to improve the overall GHG and carbon 
balance of biorefinery production chains. It can be argued that the 
rest of the feedstock carbon is effectively used for heat and power 
generation inside the biorefinery, and that the overall GHG emis¬ 
sions (mainly as stack C0 2 ) would be sequestrated in the biomass 
cycle or could be captured otherwise (e.g. CCS). Taking into account 
the uncertainties of GHG emissions in the feedstock supply chain 
and land use restrictions, it is better to improve the carbon effi¬ 
ciency of operations. 

5.1. Pyrolysis of biomass 

Pyrolysis means degradation at high temperature in the absence 
of oxygen or air. Chemically, pyrolysis of cellulosic biomass at 500- 
600 °C can be expressed in a simplified way as follows: 

(C 6 H 12 0 6 ) m - gas (H 2 + CO + C0 2 + CH 4 +...+ C 5 H 12 ) + liqui 
d (H 2 0 +...+ CH 3 OH + CH3COOH +...) + char (C) 

Hemicellulose and lignin form more complex liquid compounds 
including phenols and other aromatic compounds. Pyrolysis is no 
new technology and has been used for hundreds of years to pro¬ 
duce e.g. tar from pine and spruce in a slow process. Typical pre¬ 
treatment methods prior to actual pyrolysis are: milling and dry¬ 
ing for woody biomass, hydrolysis, aquathermolysis and torre- 
faction for wet or high sugar/lipid containing biomass depending 
on the composition of the desired process streams (Perez-Cantu 
et al., 2013). Lignin recovery from pulp mill streams needs special 


R. Kajaste / Journal of Cleaner Production 75 (2014) 1—10 


technology. The LignoBoost (www.metso.com) process consists of 
precipitation of lignin from the black liquor vapor by lowering the 
pH with CO2, dewatering of slurry using a filter press, redissolving 
the lignin in spent wash water and acid, final dewatering and 
washing with acidified wash water, to produce virtually pure lignin 
cakes. The first commercial unit with a 75 t/d capacity was 
commissioned by Domtar, USA in April 2013. New commercial large 
scale pyrolysis units are usually fluidized bed solutions, and recent 
developments show encouraging results (Solantausta et al„ 2012). 
Typically, high pressures (100—200 bar) and temperatures (300— 
450 °C) are required to convert lignin into low molecular weight 
compounds in good yield with an overall carbon efficiency of 75 wt 
%. Catalysts enhance the quality of pyrolysis oil (Guo et al„ 2012). 
The extraction of specific chemicals, upgrading of the complex 
pyrolysis oil mixture to usable and valuable bulk products, are 
difficult tasks (Vispute et al„ 2010). Recovery of lignin and acetic 
acid from pulp mills are considered more viable alternatives than 
direct dry wood distillation and pyrolysis (Pettersson and Harvey, 
2012). The commercialization of pyrolysis technology is in its 
pivotal phase: the technology has a wide patent coverage owned by 
UOP/Honeywell, the required fast fluidized bed installations are 
available from several producers, and the first large (50,000 t/a) 
scale facility for woody biomass is under commissioning by Fortum, 
Finland. The product is scheduled to replace heavy fuel oil but can, 
in the future, be utilized for the production of chemicals (oxygen¬ 
ated compounds like sugars, acids, furans, phenols, aldehydes, ke¬ 
tones and water insoluble lignin derived oligomers) when 
separation technologies become more developed. 

5.2. Hydrothermal liquefaction of biomass (HTL) 

HTL is a technique for obtaining clean bio-oil and water insol¬ 
uble fractions from biomass in the presence of a solvent or water. 
HTL of biomass has been studied for a little over 40 years. Various 
biomass resources require different types of pretreatment. Even 
though the HTL process tolerates up to 65% water content of the 
feedstock, the transport distance usually stipulates how much 
pressing, caking, and water reduction is required prior to the HTL 
unit. Process conditions, including final liquefaction temperature, 
residence times, rate of biomass heating, size of biomass particles, 
type of solvent media, hydrogen donor solvents and catalysts, are 
important for the bio-oil yield and quality of the product (Akhtar 
and Amin, 2011). Several HTL studies are focused on different 
algae (Jena et al., 2011). The high lipid content of algae produces 
bio-oil with high energy content that is comparable with fossil 
reference values. Municipal lipid containing waste and swine 
manure are both abundantly available and sources of methane if 
landfilled or stored in waste ponds. The technology is currently 
being tested on a pilot scale at Aarhus University, Denmark, and has 
the following benefits: the process accepts sewage sludge, manure, 
wood, compost and plant material along with waste from house¬ 
holds, meat factories, dairy production and similar industries; the 
crude bio-oil has high heating values of approximately 35—39 MJ/ 
kg on a dry ash free basis; the process consumes approximately 10— 
15% of the energy in the feedstock biomass, yielding an energy 
efficiency of 85-90%; the crude bio-oil has very low oxygen, sulfur 
and water content; the process recovers more than 70% of the 
feedstock carbon content; and the resulting bio-oil is storage stable 
and has comparatively low upgrading requirements. 

5.3. Comparison of pyrolysis and hydrothermal liquefaction (HTL) 
of biomass 

Both pyrolysis and HTL can virtually accept any form of biomass. 
In practice, woody biomass is most often subjected to pyrolysis and 


wet biomass, like algae and manure, has been more widely treated 
with HTL. Both processes produce crude pyrolysis oil, pyrolysis gas 
and solid residues (Table 4). Pyrolysis gas usually contains a 
mixture of hydrogen, methane and other hydrocarbons (up to C5), 
carbon monoxide and carbon dioxide that can be further processed 
to fuels and chemicals or utilized as an energy stream in the pro¬ 
cess. From HTL the gaseous product is methane gas. Solid residues 
can be utilized further in agricultural or forest soil improvement 
either as such or as ash. Crude bio-oils require further processing to 
reach the physical properties required from final chemical 
products. 

Both technologies are expensive in large scale applications. A 
suitable cost reference could be a fluid catalytic cracking (FCC) unit 
of a petroleum refinery or a large bubbling fluidized bed (BFB) 
boiler. Several technological and economic issues require solutions 
before pyrolysis and HTL of biomass can be considered fully 
commercialized for the production of chemicals. 

6. Discussion 

The growing global population and its need for food, materials, 
chemicals and energy are general drivers behind finding sustain¬ 
able solutions for chemicals production. The depletion of fossil 
reserves and climate change issues make it necessary to find al¬ 
ternatives for the production of organic chemicals. Biomass has 
been proposed as a promising solution to both problems. However, 
this also raises questions on environmental compatibility and 
sustainability as noted in previous sections. The carbon efficiency of 
biorefinery technologies, sustainable use of resources and un¬ 
certainties of GHG emissions in feedstock supply chains are limiting 
factors that need careful assessment before a large scale biorefinery 
operation for the production of chemicals can be labeled as a sus¬ 
tainable solution to replace the fossil petrochemical route. 

The viability of chemicals produced in biorefinery chains 
compared to the traditional petroleum refinery pathway to produce 
the same energy content and added value products will highly 
depend on the overall economic, social and environmental impact 
of the new biorefineries. General guidelines for how to make a case- 
specific interpretation of sustainability are missing. One reason for 
this is a lack of knowledge and/or consensus on how to describe 
and assess impacts of land and water use, e.g. on ecosystem ser¬ 
vices, different types of resource depletion and social impacts 
(Clancy et al., 2013). Climate impact and resource depletion are 
issues that cannot be omitted, especially if in the long run biomass 
becomes a limited resource. Embodied energy demand, water de¬ 
mand, carbon footprint and land use changes are among key in¬ 
dicators that define the sustainability of biorefineries. 

The multitude of methodologies, methods and units currently 
used in evaluating GHG emissions are an obstacle in obtaining 
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uniform metrics for the sustainability assessment of final products. 
Future biorefineries need common criteria for sustainability and 
comprehensive LCA methodology. The assessment of chemicals 
produced from biomass seems to be practically absent in LCAs, 
although many publications show platform chemicals and a variety 
of other chemicals derived from them. The scaling up, carbon ef¬ 
ficiency, and the economics of biorefinery production chains are all 
issues that need considerable future research and engineering 
effort for fully realizing the potential of the valuable resource stock 
of biomass in the production of bulk and high-value niche chem¬ 
icals. The logistics of harvesting, intermediate storage and pre¬ 
treatment of biomass resources need cost effective and sustain¬ 
able arrangements. 

7. Conclusions 

The possibilities to reduce GHG emissions in biorefinery pro¬ 
duction chains are numerous. The GHG emissions in biofuel and 
bioenergy production chains have been extensively studied. In 
contrast, few studies have focused on the GHG emissions of other 
chemicals derived from biomass. The low carbon efficiency of 
fermentation technologies, and high CO2 stack emissions from 
gasification + FT technology, require solutions. Widening the bio¬ 
refinery production chains to include new emerging technologies 
could be an option. This paper makes an attempt to summarize 
pathways to decrease GHG emissions of biorefinery production 
chains through a climate impact management matrix, and high¬ 
lights new emerging technologies of pyrolysis and hydrothermal 
liquefaction with a potential to improve the carbon efficiency and 
reduce GHG emissions in biorefinery chains. 

The correct assessment of GHG emissions needs common 
criteria for sustainability and a comprehensive life cycle assessment 
(LCA) methodology. A set of functional units and equations is pro¬ 
posed for the evaluation of GHG emissions in a biorefinery value 
chain. 

Uncertainties in assessing GHG emissions, especially of culti¬ 
vated biomass resources, and land use restrictions support the 
widening of the resource base towards lignocellulosic biomass, 
wastes and algae. Sustainable development of commercial bio¬ 
refineries will depend on the access to resources that do not 
compete with food production, and on the possibilities to increase 
carbon efficiency of the production chain. Responsible production 
of biobased chemicals has the potential to replace the fossil re¬ 
sources and slow down the net increases of GHG emissions through 
a ‘short-cycle carbon system’ of renewable bioresources. 

Acknowledgments 

The author is most grateful to M. Hurme, V. Alopaeus and H. 
Sixta, of Aalto University, Finland, for valuable discussions. A special 
thanks goes to the anonymous reviewers whose guiding remarks 
greatly improved the focus of this paper. 

References 

Akhtar, J„ Amin, NAS., 2011. A review on process conditions for optimum biooil 
yield in hydrothermal liquefaction of biomass. Renew. Sust. Energy Rev. 15, 
1615-1624. 

Alvarenga, RAF., Dewulf, J„ De Meester, S„ Wathelet, A., Villers, J., Thommeret, R„ 
Hruska, Z„ 2013. Life cycle assessment of bioethanol-based PVC Part 1: attri- 
butional approach. Biofuels, Bioprod. Bioref. 7, 386—395. 

Anitescu, G„ Bruno, T.J., 2012. Liquid biofuels: fluid properties to optimize feedstock 
selection, processing, refining/blending, storage/transportation, and combus¬ 
tion. Energy Fuels 26, 324-348. 

Bennett, S.J., Pearson, P.J.G., 2009. From petrochemical complexes to biorefineries? 
The past and prospective co-evolution of liquid fuels and chemicals production 
in the UK. Chem. Eng. Res. Des. 8 (7), 1120-1139. 


Bludowsky, T„ Agar, D.W., 2009. Thermally integrated bio-syngas-production for 
biorefineries. Chem. Eng. Res. Des. 8 (7), 1328-1339. 

Borowitzka, M.A., Moheimani, N.R., 2013. Sustainable biofuels from algae. Mitig. 
Adapt Strateg. Glob. Change 18,13-25. 

Bos, H.L., Sanders, J.P.M., 2013. Raw material demand and sourcing options for the 
development of a bio-based chemical industry in Europe. Part 1: estimation of 
maximum demand. Biofuels, Bioprod. Bioref. 7, 246—259. 

Brehmer, B„ Boom, KM., Sanders, J., 2009. Chem. Eng. Res. Des. 87,1103-1119. 

BREW, 2006. Medium and Long-term Opportunities and risks of the Biotechno¬ 
logical Production of Bulk Chemicals from Renewable Resources - The Potential 
of White Biotechnology. The BREW Project, Final Report, Utrecht, September 
2006, 9-103. 

Cherubini, F„ Jungmeier, G., 2010. LCA of a biorefinery concept producing bio¬ 
ethanol, bioenergy, and chemicals from switchgrass. Int J. Life Cycle Assess. 15, 
53-66. 

Cherubini, F„ Stromman, A.H., 2011. Chemicals from lignocellulosic biomass: op¬ 
portunities, perspectives, and potential of biorefinery systems. Biofuels, Bio¬ 
prod. Bioref. 5, 548-561. 

Clancy, G„ Froling, M„ Svanstrom, M„ 2013. Changing from petroleum to wood- 
based materials: critical review of how product sustainability characteristics 
can be assessed and compared. J. Clean. Prod. 39, 372-385. 

Delivand, MX, Barz, M„ Gheewala, S.H., Sajjakulnukit, B„ 2012. Environmental and 
socio-economic feasibility assessment of rice straw conversion to power and 
ethanol in Thailand. J. Clean. Prod. 37, 29-41. 

Dutta, A, Talmadge, M„ Hensley, J., Worley, M„ Dudgeon, D„ Barton, D„ 
Groenendijk, P„ Ferrari, D„ Stears, B„ Searcy, E.M., Wright, C.T., Hess, J.R, 2011. 
Process Design and Economics for Conversion of Lignocellulosic Biomass to 
Ethanol, Thermochemical Pathway by Indirect Gasification and Mixed Alcohol 
Synthesis. National Renewable Energy Laboratory, Colorado USA. Technical 
Report NREL/TP-5100—51400. 

Ekman, A, Borjesson, P„ 2011. Life cycle assessment of mineral oil-based and 
vegetable oil-based hydraulic fluids including comparison of biocatalytic and 
conventional production methods. Int. J. Life Cycle Assess. 16, 297—305. 

FAO, 2010. U.N. Food and Agriculture Organisation, Forest Resources Assessment 
2010. Global Trends, Rome. 

Ferreira, A.F., Ribeiro, LA, Batista, A.P., Marques, P.A.S.S., Nobre, B.P., et al„ 2013. 
A biorefinery from Nannochloropsis sp. microalga - Energy and CO2 emission 
and economic analyses. Bioresour. Technol. 138, 235—324. 

Finnveden, G. r„ Hauschild, M.Z., Ekvall, T„ Guinee, J„ Heijungs, R, Hellweg, S„ 
Koehler, A, Pennington, D„ Suh, S., 2009. Recent developments in life cycle 
assessment.]. Env. Manag. 91 (1), 1—21. 

Fischler, F„ 2012. The third industrial revolution. Biofuels Bioprod. Bioref. 6, 8-11. 

Gan, Y„ Liang, C„ May, W„ Malhi, S.S., Niu, J., Wang, X., 2012. Carbon footprint of 
spring barley in relation to preceding oilseeds and N fertilization. Int J. Life 
Cycle Assess. 17, 635-645. 

GREET, 2008. Argonne National Laboratory, GREET model 1.8b. Available at: http:// 
www.transportation.anl.gov/modeling_simulation/GREET/index.html. 

Guo, XJ„ et al„ 2012. Production of aromatic hydrocarbons from fast pyrolysis of 
lignin over HZSM-5. Adv. Mater. Res. 347-353, 2455-2458. 

Hamalainen, S„ Nayha, A., Pesonen, H.-L, 2011. Forest biorefineries - a business 
opportunity for the Finnish forest cluster. J. Clean. Prod. 19 (16), 1884-1891. 

Haro, P„ Trippe, F„ Stahl, R, Henrich, E„ 2013. Bio-syngas to gasoline and olefins via 
DME — a comprehensive techno-economic assessment. Appl. Energy 108,54—65. 

Hermann, B„ Cams, M„ Patel, M„ Blok, K„ 2011. Current policies affecting the 
market penetration of biomaterials. Biofuels, Bioprod. Bioref. 5 (6), 708-719. 

Humbird, D„ Davis, R, Tao, L, Kinchin, C„ Hsu, D„ Aden, A, Schoen, P„ Lukas, J., 
Olthof, B„ Worley, M„ Sexton, D„ Dudgeon, D„ 2011. Process Design and Eco¬ 
nomics for Biochemical Conversion of Lignocellulosic Biomass to Ethanol 
Dilute-Acid Pretreatment and Enzymatic Hydrolysis of Com Stover. National 
Renewable Energy Laboratory, Colorado USA. Technical Report NREL/TP-5100- 
47764. 

Iglesias, L„ Laca, A., Herrero, M„ Diaz, M„ 2012. A life cycle assessment comparison 
between centralized and decentralized biodiesel production from raw sun¬ 
flower oil and waste cooking oils. J. Clean. Prod. 3,162-171. 

Jena, U„ Das, K.C., Kastner, J.R, 2011. Effect of operating conditions thermochemical 
liquefaction on biocrude production from Spirulina platensis. Bioresour. Technol. 
102 (10), 6221-6229. 

Judl, J., Koskela, S„ Mattila, T„ Jouttijarvi, T„ 2011. The climate change implications of 
offshoring Finnish pulp production to South America. Int J. Life Cycle Assess. 16, 
878-885. 

Kaylen, M„ Van Dyne, D.L., Choi, Y.S., Blase, M„ 2000. Economic feasibility of pro¬ 
ducing ethanol from lignocellulosic feedstocks. Bioresour. Technol. 72,19-32. 

Koponen, K., Soimakallio, S„ Tsupari, E„ Thun, R, Antikainen, R, 2013. GHG emis¬ 
sion performance of various liquid transportation biofuels in Finland in accor¬ 
dance with the EU sustainability criteria. Appl. Energy 102, 440-448. 

Licht, F.O., 2009. Licht's International Sugar 81 Sweetener Report, 30, p. 141. 

Liu, S„ Lu, H„ Hu, R„ Shupe, A., Lin, L., Liang, B„ 2012. A sustainable woody biomass 
biorefinery. Biotechnol. Adv. 30, 85-810. 

Melin, K„ Hurme, M„ 2010. Evaluation of lignocellulosic biomass upgrading routes 
to fuels and chemicals. Cellul. Chem. Technol. 44 (4-6), 117-137. 

Menon, V., Rao, M„ 2012. Trends in bioconversion of lignocellulose: biofuels, plat¬ 
form chemicals & biorefinery. Prog. Energy Combust. Sci. 38 (4), 522-550. 

Misailidis, N„ Campbell, G.M., Du, C„ Sadhukhan, J., Mustafa, M„ Mateos-Salvador, F„ 
Weightman, KM., 2009. Evaluating the feasibility of commercial arabinoxylan 
production in the context of a wheat biorefinery principally producing ethanol 
















